A third generation DS superalloy with creep strength as high as the second generation SC superalloys was developed. The alloy TMD-103 was designed by simply adding grain boundary strengthening elements, carbon and boron, to a third generation SC superalloy TMS-75 containing 5wt% Re. The alloy was cast to columnar grained directionally solidified structure with solidification rate at 200mm/h. Creep test was performed after solution and aging heat treatments. 'typical creep-rupture lives at 9OO"C-392MPa and 1040"C-137MPa being 519h and 88411, respectively, which were equivalent with CMSX4. Burner rig tests showed good hot corrosion and oxidation resistance. A DS hollow blade of a 2000KW class industrial gas turbine was successfully cast with TMD-103.
Introduction
The production cost of the advanced single crystal (SC) superalloys are becoming higher due to the complicated casting and heat treatment conditions and the resulting lower yields. It is practically very important to develop superalloys with higher cost-performance. The production cost of directionally solidified (DS) columnar grained superalloys is considerably lower than that of SC superalloys. However the creep strengths of the present DS superalloys are not competitive with the advanced SC superalloys. The so-called second generation DS superalloys with 3wt% Re, for example CM186LC [l] , which is the strongest DS superalloy existing, are not stronger than the first generation SC superalloys.
In the present paper, a new class of DS superalloy with a high cost-performance, namely, the third generation DS superalloy is reported. The microstructures, creep and fatigue properties, and hot corrosion and oxidation properties are evaluated comparing with the present DS and SC superalloys.
Alloy Design
The third generation SC superalloy TMS-75, that was developed by some of the authors [2], was used as the base alloy. This alloy has excellent processability and phase stability as well as high creep strength and hot corrosion resistance. In this study, we simply added O.O7wt% carbon (C) and 0.015 wt% boron (B) to the TMS-75 as the grain boundary strengthening elements. The chemical compositions of the alloys are given in Table I with some typical DS and SC superalloys as references.
The carbon forms carbides in superalloys. It is estimated by our alloy design program (NRIM-ADP) that MC and M,C carbides are formed in TMD-103. It is also predicted that the MC carbide contains Ta as the main part of 'M'. In the M6C, W and MO are predicted to occupy 'M'. The behavior of Re can not be predicted due to the lack of experimental data.
The carbide formations result in slight decreases of the solid solution strengthening elements in the y and y' phases. Also the y' fraction in the TMD-103 is predicted to become slightly smaller than TMS-75. However, the effects of these microstructural changes on the creep strength were estimated to be small. 
Castine and Heat Treatment Characterist&
A TMS-75 master heat bar was melted and, after the C and B additions, cast to DS bars of lOmm diameter with solidification rate at ZOOmm/h. The microstructure was examined after single-step solution treatment at temperatures between 1225 and 1300°C for 2h to find the optimum solution temperature. The DS bars were solution heat treated under thus selected standard condition; the solution treatment was performed at 1275°C for 5h after heating at 1225°C for lh as a pre-homogenization to avoid any chance of incipient melting. A two-step aging treatment was performed, first at 115'0°C for 4h and second at 870°C for 20h, both followed by air-cooling. Figure 1 shows the microstructures after solution heat treatment at 1275°C and 1300°C. It is shown that almost all the y' precipitates are dissolved at 1275°C and re-precipitated as fine y', except for the eutectic y' and the grain boundary y'. At 13OO"C, a perfect solution including the eutectic and grain boundary y' is achieved. However, a small amount of incipient melting started to occur involving carbides, resulting in cavities formed during the following solidification. From these results, 1275°C was selected as the standard solution heat treatment temperature. Figure 2 shows the microstructures in as cast and as standard heat treated (including aging) samples. The y' precipitates became finer and their alignment became better after the standard heat treatment. The y' size in as cast sample is rather small and of fairly regular shape. This must be due to the high Re content; Re reduces the y' size because of its low diffitsibity and high y/y' partitioning coefficient, e.g., 1O:l [4] , both effectively prevent the y' growth. Carbide(s) with bright contrast are observed mostly at grain boundaries and also in the interdendritic regions. The bright contrast suggests that the carbide(s) contain elements having higher atomic numbers, such as Ta, W, MO and possibly Re.
The castability was evaluated with a DS hollow blade for a 2000KW class industrial gas turbine as shown in Figure 3 . The solidification rate was again 200mm/h. The normal inspection was carried out to examine the castings. It was found that sound castings were obtained without any defects. There are no difficulties so far in production of such DS blades.
Mechanical Properties
Creep tests were performed in short-term and long-term to estimate the strength level and phase stability with 500h with kerosene fuel only.
En+onmental Pronerties
In high temperature corrosion tests, varied results are often given at the different condition. One crucible test and two burner rig tests were conducted to evaluate the environmental properties of TMD-103 relatively. Crucible test were performed at 900°C for 20h with 75%Na,SO., + 25%NaC1 mixed salt in air atmosphere. Burner rig tests were performed with a hot corrosive condition and an oxidative condition. In the hot corrosion test, to simulate a severe hot corrosive environment in a heavy duty industrial gas turbine, some sulfuric oil and artificial seawater were added into kerosene burner at gas temperature of 1050°C and exposure of 5OOh. The oxidation test was run at 1200°C for 500h without the addition of corrosive ingredients. Alloys IN792Hf, CMSX-4, etc., were also tested under the same condition as references.
Crucible Test
In Figure 9 the crucible test results are compared with some reference alloys. TMD-103 showed a good corrosion resistance, forming a protective scale like a Cr,O,-former type in spite of the low Cr content.
In Figure 10 the burner rig hot corrosion test results are represented with several DS and SC superalloys. There is a general tendency that the alloy with higher Cr content has higher hot corrosion resistance. However, TMD-103 which has only 3wt% Cr showed the hot corrosion resistance comparable with IN792Hf containing 12Swt% Cr. This is due to the 5wt% Re content. As already reported [6] , Re is effective in improving hot corrosion resistance as well as creep strength.
Burner B~P Test (Oxidatio Figure 11 shows the burner rig oxidation test results. At higher temperature, alloys with lower Cr and higher Al content tend to provide the good resistibility. On the other hand, most of corrosion-resistible alloys with higher Cr content, as Rene80H and IN792Hf, show poor resistibility at such conditions. These behaviors are generally explained with the balance of oxidation and sulfidation, and with the scale type of Al,Oaformer or Cr,O,-former. In this condition TMD-103 showed also a good performance, These results represent that TMD-103 has a good resistibility in both the hot corrosive and oxidative environment. TMD-103 was thus thought to be promising as a high costperformance turbine blade material for industrial gas turbines, marine gas turbines, and aero-engines. Further work on modification of TMD-103 is being conducted.
